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Abstract 
Accurate temperature and velocity measurement of fluid is vitally important for CO2 Capture and Storage (CCS) 
under the pressure to limit CO2 emissions. The aims of this study were to simultaneously measure velocity and 
temperature distribution for flow field using magnetic resonance imaging (MRI). We used inversion recovery tagging 
method (IR-tagging) to measure temperature and velocity map of water flowing through a cooled vessel. IR-tagging 
method can only measure temperature at tag slice and to achieve high velocity accuracy for low speed flow the 
resolution must be high.The measured temperature was within a deviation of 2 eC from that obtained from the 
computational fluid dynamics (CFD) results.  
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1. Introduction 
Based on capturing CO2 from large point sources and storing CO2 instead of freely releasing to the 
atmosphere, CO2 Capture and Storage (CCS) prevents the emission of CO2 to the atmosphere and 
therewith the contribution to prohibiting climate change. Geologic sequestration is a method proposed to 
capture and store CO2 in deep geo-formation. The study on heat and mass transfer of flow field, which 
affects diffusion, dispersion and other thermodynamic processes, is of considerable interest to the 
petroleum industry and to geologists, especially in regard to CCS. Also measuring temperature and 
velocity filed of low speed flow in porous media is important for optimizing the design and operation of 
CO2 storage projects and for further vapor-liquid equilibrium and multiphase flow study underground2. 
Besides the interference on the flow field, previous velocity measurement techniques are usually 
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destructive and have difficulty in measuring velocity and temperature field at the same time thus many 
researches assume uniform velocity profile in porous media[1-2]. However, little has been done on the 
accuracy analysis. Also, the method of simultaneously measuring temperature and velocity is relatively 
less explored. In this paper, simultaneous temperature and velocity measurement for water flowing 
through a cooled vessel was conducted using inversion recovery tagging ˄IR-tagging˅method. 
 
Nomenclature 
ti          recovery time 
SIti             signal intensity at the tag slice measured at the recovery time ti 
SI0            signal intensity at the tag slice measured under the thermal equilibrium condition 
T temperature 
T1         relaxation time  
A,B ,C constant 
IR inversion recovery  
2. Experiment 
2.1. Experiment Method 
The IR-tagging method is based on the T1 temperature measurement method and tagging pulse.This 
method employs a set of tagging pulses instead of the inversion pulse used in the conventional IR spin 
echo sequence to visualise the flow field.The relationship between signal intensity at a tag slice of IR-
tagging pulse and temperature can be derived as follows[3]: 
              
> @ln A*ln / (C*ln ti)
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where SIti is the signal intensity at the tag slice measured at the recovery time ti and SI0 is that 
measured under the thermal equilibrium condition,T is temperature, parameters A and B depend 
upon the relaxation properties of the investigated sample and C depends upon system 
characteristics.The constants can be obtained by T1-T temperature measurement experiments.  
2.2. Experiment Setup and Experiment Procedure 
All 1H MRI images were acquired using a Varian 400 MHz NMR system (Varian, Inc., Palo Alto, 
CA, USA), 9.4 T magnet equipped with shielded gradient coils providing a maximum gradient strength of 
50 Gauss/cm. The vessel ˄Fig 1˅was made of polyimide which was nonmagnetic  to not change the 
magnetic signals during the measurements. Fluid was injected into the vessel installed in the magnetic 
bore  by a syringe pump (model 260D, Teledyne Isco. Inc). Fluorescent liquid FC-40 (3M, St.Paul, MN, 
USA) was used to control the temperature of the vessel system because it contained no imageable 
hydrogen and had low dielectric properties to minimize radio frequency (RF) losses. FC-40 liquid was 
cycled by a thermostatic bath (FL300, Julabo Inc.). The temperature was measured by thermocouples 
with precision of 0.1 °C.Water was injected at flow rate of 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5 and 4 ml/min into 
the vessel. The inlet flow temperature was 278 K and the wall of the vessel was kept at305.2 K. Field of 
view (FOV) of the measurement was set at z=200 mm to z=230 mm.  The parameters were as follow: 
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TR=3000 ms, TE=14.52 ms, the average number=1, gap thickness=5 mm, thickness factor=1, recovery 
time ti =140 ms, matrix size=128*128, FOV =30*30 mm2 and number of tag slices=7. 
 Fig.1.  the system apparatus for simultaneous velocity and temperature measurement. 
3. Results and Discussion 
Fig 2a shows images with different flow rates, and the intensity profile was shown in Fig.2b. Then 
the temperature on the tags can be calculated form the intensity according to Eqs.1. By measuring the 
distortion of the tag displacement during ti, we can calculate the distribution of the flowing field and the 
velocity on the tag. The velocity equals that the  distortion divides into ti time. 
The intensities at the troughs of the wave correspond to SIti in Eqs.1 and the signal intensities at the 
peaks next to the wave trough correspond to SI0. The temperature map of flowing fluid can be derived by 
two signal intensity at one IR-tagging image—SIti at a tag slice and SI0 at a bright stripe next to the tag 
slice ( Fig 2b) rather than an equilibrium signal intensity acquired at a much longer recovery time 
compared with ti by another IR-tagging sequence.  
Although the signal intensities at both the dark and bright stripe decrease along the flow direction 
( Fig 2a), SIti at the tag slice is normalized by the SI0 at the axial line of the bright stripe next to it and the 
signal intensity decrease caused by flow can be compensated by this method. The displacement of wave 
trough from the static image shown in Fig 2c reflects velocity distributions because the length of 
displacement of a tag slice during the recovery time ti is proportional to the velocity of the fluid. The 
eighth trough of the curve is caused by the outlet disturbance. For a flow rate of 4 ml/min the pipe 
diameter is 10 mm and inlet velocity is 30.8488*10  m/s , thus the Re number of the flow is 10.6, which 
belongs to the laminar flow. The velocity profile within the FOV is assumed to be a parabolic curve 
according to the theory of Hagen-Poiseuille flow. However there is a variation of pipe diameter at the 
pipe inlet and fluid flows into the vessel whose diameter is 10 mm from a pipe whose diameter is 3 mm 
from Fig 2c. Flow field in the FOV is still not fully developed and the curve shape is not a parabola since 
the contraction strongly disturbs the flow field.  The total acquisition time is short compared to that 
required for the conventional IR method because the IR-tagging method does not need the thermal 
equilibrium image. This compensation is applicable when the flow motion of a tag can be treated as 
almost the same as that of its surroundings.     To evaluate the accuracy of the temperature measurement 
using the IR-tagging method, the temperature distributions at the centreline of the tag slice obtained from 
the IR method and the results obtained from computational fluid dynamics (CFD) are shown in Fig. 10a. 
The black curve indicates the simulated result of the temperature from the vessel inlet to the outlet at the 
vessel central axis obtained via Fluent 6.3.26. The seven red points represent the temperature at the 
central axis of the seven tag slices in the FOV. Because the FOV was 30*30 mm2, we can only calculate 
temperatures at the seven dark stripes from z=200 mm to z=230 mm. The CFD results for different 
velocities are shown in Fig. 10b for an inlet temperature of 278 K and vessel wall temperature of 305.2 K. 
The magnitude of the inlet velocity is positively correlated with the distance over which the inlet 
temperature evolved[Please ensure that your intended meaning was preserved in this edit. 
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                      (a)                                                  (b)                                    (c)                                    (d) 
Fig.2. (a)intensity images at different flow rates, (b) signal intensity distribution on diameter  at 4 
ml/min, (c) The and velocity distribution in FOV for  4ml/min (d) temperature at the axis of the vessel at 
4 ml/min compared to CFD  
4. Conclusions 
In the study, we simultaneously measured temperature and velocity in a flow field. A attractive 
approach with IR-tagging sequence is used to simultaneous measurement for flowing water. IR-tagging 
method can only measure temperature at tag slice and to achieve high velocity accuracy for low speed 
flow the resolution must be high,which will prolong the measurement time and enhance the inaccuracy of 
temperature measurement. The measured temperature was within a deviation of 2 eC from that obtained 
from the computational fluid dynamics (CFD) results. These fundamental studies will provide important 
insights about heat transfer in water saturated porous media. It is important to investigate the leakage and 
optimize the design and operation of CO2 storage projects. 
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